MDM2, a ubiquitin E3-ligase of the RING family, has a key role in regulating p53 abundance. During normal non-stress conditions p53 is targeted for degradation by MDM2. MDM2 can also target itself and MDMX for degradation. MDMX is closely related to MDM2 but the RING domain of MDMX does not possess intrinsic E3-ligase activity. Instead, MDMX regulates p53 abundance by modulating the levels and activity of MDM2. Dimerization, mediated by the conserved C-terminal RING domains of both MDM2 and MDMX, is critical to this activity. Here we report the crystal structure of the MDM2/MDMX RING domain heterodimer and map residues required for functional interaction with the E2 (UbcH5b). In both MDM2 and MDMX residues C-terminal to the RING domain have a key role in dimer formation. In addition we show that these residues are part of an extended surface that is essential for ubiquitylation in trans. This study provides a molecular basis for understanding how heterodimer formation leads to stabilization of MDM2, yet degradation of p53, and suggests novel targets for therapeutic intervention. The tumor suppressor protein p53 plays a central role in maintaining the integrity of the genome by inducing cell cycle arrest and apoptosis in response to stress.
The tumor suppressor protein p53 plays a central role in maintaining the integrity of the genome by inducing cell cycle arrest and apoptosis in response to stress. 1 Loss of the antiproliferative activities of p53 is central to the development of most malignancies in humans, therefore control of p53 abundance is critical. In normal unstressed cells, p53 protein is unstable and present at very low levels due to its ubiquitylation by mouse double minute (MDM2). 2 A hallmark of stress pathways is the rapid increase in p53 abundance due to a block in its degradation. The exact mechanism by which p53 is stabilized is unclear, although a series of posttranslational modifications to itself, MDM2 and the closely related protein MDMX (also known as MDM4), are thought to dissociate the p53-MDM2 complex leading to increased levels of p53. 3 Consistent with this, disruption of either the MDM2 or MDMX genes in mice causes activation of p53 and results in death early in embryogenesis. However, the lethal effect of mutating either gene can be rescued if p53 is also disrupted. 4 MDM2 is a member of the really interesting new gene 1 (RING) domain family of E3 ubiquitin ligases ( Figure 1a ). Like other RING domain proteins, MDM2 functions as an adaptor protein, simultaneously binding to a cognate E2 ubiquitinconjugating enzyme and a substrate protein, resulting in transfer of ubiquitin to the substrate and subsequent degradation by the proteasome. In this manner p53 is constantly targeted for degradation by MDM2 during normal non-stress conditions, as are other proteins, notably MDM2 itself and MDMX. 5, 6 Like MDM2, MDMX directly inhibits p53 due to its ability to bind to the transactivation domain of p53 and block transcription, but in contrast to MDM2, MDMX is not under the transcriptional control of p53. Phosphorylation plays a key role in regulating MDMX and promotes its degradation in response to DNA damage, leading to stablization of p53. 7, 8 Although MDMX contains a RING domain that is very similar to the RING domain of MDM2, it does not possess intrinsic E3 ubiquitin ligase activity. Instead, MDMX controls p53 abundance by modulating the levels and activity of MDM2. [9] [10] [11] Dimerization, mediated by the conserved C-terminal RING domains of both MDM2 and MDMX, is critical to this activity. 12 While the MDM RING domains can form homodimers, heterodimers form preferentially resulting in reduced autoubiquitylation of MDM2 and increased p53 ubiquitylation. 13 MDMX therefore serves to stabilize MDM2, and keep p53 levels and activity low in healthy cells. 10, 11, 14 RING domains are about 60 amino acids in length and can be recognized by the conserved residues that coordinate the two zinc ions (Figure 1b) . RING domain-dependent dimerization has been reported previously. For example, BRCA1 becomes activated upon heterodimer formation with its RING protein partner, BARD1, as does Ring1b with its partner Bmi1. 15, 16 While disruption of the structurally important zinc centers in MDM2 causes loss of E3 ligase activity, 17 the C-terminal five residues are also essential for both dimerization and E3 activity. 18 In addition, C-terminal mutant forms of MDM2 that lack E3 ligase activity as MDM2 homodimers, are active when bound to wild-type MDMX. This suggests that MDMX can contribute directly to the activity of MDM2, and that the C-terminal region of MDMX is critical for this.
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MDM2 and MDMX clearly function together, as well as independently, to regulate p53 levels. Here we report the crystal structure of the MDM2/MDMX RING domain heterodimer and provide a molecular basis for understanding how heterodimer formation leads to stabilization of MDM2, and degradation of p53. These studies suggest novel targets for therapeutic intervention.
Results
Minimal MDM RING domain constructs retain E3-ligase activity. Domain boundaries of the MDM2 and MDMX RING domains were determined by comparison of the sequence to other RING domains (Figure 1a ). Minimal MDM2 (residues 432-491, referred to as MDM2s) and MDMX (residues 421-490) RING domains were expressed as glutathione-Stransferase (GST) fusion proteins (Figure 1b) . The E3 ligase activity of the MDM2s RING domain was confirmed by measuring the E2-dependent addition of ubiquitin to GST-MDM2s RING (Figure 1c; Supplementary Figure 1) . No E3-ligase activity was observed for GST-MDMX RING. However, the GST-fused heterodimer retained significant activity (Figure 1c ). MDM2s RING, MDMX RING, and the MDM2s/MDMX RING dimers were then cleaved from GST and purified (Supplementary Figure 2 ). While MDMX and MDM2s/MDMX eluted at a position expected for a dimer, indicating formation of a stable complex, the MDM2s RING homodimer had poor solution properties and could not be purified. A second, slightly longer, MDM2 RING (residues 417-491, referred to as MDM2l) construct was expressed and purified. It also aggregated when cleaved from GST, although the GST-fused protein formed stable homo-and heterodimers that had significant E3-ligase activity (Figure 1c) , and the soluble MDM2l/MDMX heterodimer could be purified (Supplementary Figure 2) .
The RING domain alone of MDM2 has previously been observed to mediate ubiquitylation of itself when present as a homodimer. 13 To determine if MDM2/MDMX RING domain heterodimers were also targeted for auto-ubiquitylation we used soluble RING domain dimers in ubiquitylation reactions. Purified MDMX RING was not active, but both heterodimers retained E2-dependent E3-ligase activity (Figure 1d ). The presence of the ubiquitylated protein ladder with the GST fused proteins, compared to the single ubiquitylated band for the isolated RING domains, indicates that GST is also a substrate for ubiquitylation. These results show that the isolated RING domain of MDM2 is an active E3 ligase and that in vitro the RING domains themselves are substrates for autoubiquitylation.
Ubiquitylation of MDMX RING. To determine which of the RINGs was ubiquitylated in the isolated MDM2/MDMX Soluble MDM2 and ubiquitin migrate at the same position. Ubiquitylated products were detected using a-ubiquitin antibodies and lower panels were stained with Coomassie Blue heterodimer, we analyzed the results of the ubiquitylation assays with both RING domain heterodimers (Figure 1d ). Because the same sized ubiquitylated band was seen whether the heterodimers contained MDM2s or MDM2l RING domains, MDMX RING, but not MDM2 RING, must have been ubiquitylated (Figure 1d ). Mass-spectrometry after in-gel tryptic digestion of the isolated bands identified lysine 442 of MDMX RING as the site of ubiquitylation, no ubiquitylation of MDM2 was apparent. To confirm this, a K442A mutant of MDMX was prepared, and a heterodimer with MDM2 RING was formed. When purified MDM2/MDMX-K442A heterodimer was used in assays, ubiquitylation of mutant MDMX by MDM2 was abolished (Figure 1e ).
These studies demonstrate that the MDMX subunit of the MDM2/MDMX RING domain heterodimer is targeted for ubiquitylation. The absence of MDM2 ubiquitylation in the heterodimer implies that ubiquitin is not attached to the RING domain that acts as the E3 ligase, but rather to its dimeric partner in trans. Although not ubiquitylated in heterodimers, homodimeric MDM2 RING is ubiquitylated. 13 We propose that in MDM2 homodimers, a similar mechanism occurs with one subunit acting as an E3 ligase while the other subunit is the substrate.
Structure of the MDM2/MDMX RING domain heterodimer. To investigate the molecular details of the MDM2/MDMX RING domain dimer, and develop a model for its function as a ubiquitin E3-ligase, we determined the crystal structure of the MDM2s/MDMX RING domain heterodimer to 2.2 Å (Figure 2a , Table 1 ). Electron density for the first nine residues of MDMX was missing, suggesting that these residues were disordered. Therefore, we also solved the structure of the MDM2l/MDMX RING domain heterodimer. Electron density for four additional residues of MDM2, and two additional residues of MDMX, was apparent but the remaining residues (11 and 7 residues respectively) could not be placed suggesting that the deletion used to generate the shorter MDM2 construct had not significantly destabilized the N terminus of MDMX. Because the structure of MDM2l/MDMX was more complete it was used in all further comparisons.
The RING domains of both MDM2 and MDMX are nearly indistinguishable (r.m.s.d of 0.56 Å over the 60 core Ca atoms) and have a compact structure with two zinc ions at the core that is common to all RING domain structures (Figure 2a ; Supplementary Figure 3a) . In contrast, greater differences are seen between the MDM2 RING domain from the heterodimer and the monomers of the MDM2 homodimeric RING structure (r.m.s.d of 1.8 Å over the Ca atoms of residues 436-491) (Supplementary Figure 3b ). An absence of constraints in the NMR structure, 13 reflected by regions of disorder, probably accounts for most of the differences.
Comparison of the individual MDM RING domains to the pdb gives the highest similarity to the BRCA1 RING domain (r.m.s.d. of 2.39 Å over 50 residues) and the RING domain of Ring1b (2.84 Å over 50 residues), 16 the U-box proteins, PRP19 (3.20 Å over 44 residues) 20 and CHIP (3.28 Å over 47 residues) 21 also overlay well. The main difference between the MDM RING domains and other RING structures is in the position of the ligands that coordinate the second Zn 2 þ ion. Unlike all other RING domains, four residues separate the third and fourth ligands in MDM RING domains, and both ligands are histidines, yet the coordinating sidechains and Zn 2 þ ion overlay closely (data not shown). In the MDM RING domains b3 is also extended relative to other RING domains, although the contacts with b1 and its position are conserved.
The MDM2/MDMX RING domain heterodimer forms a highly symmetrical structure with equivalent residues from the N-and C-terminal flanking sequences, together with the three b-strands from each monomer, involved in dimer formation. In total a surface area of 1375 Å 2 (1054 Å 2 ) of MDM2l (MDM2s) is buried. The main contacts involve interaction of b3 and the C-terminal residues from one subunit, with b2 from the other subunit, such that the core of the dimer is effectively formed by a six-stranded b-barrel (Figure 2a ). The inside of the barrel is filled by the sidechains of hydrophobic residues. The C-terminal five residues of either MDM2 or MDMX are involved in 13 of 15 interface hydrogen bonds. Notably, six residues (L483, I485, V487, F488, I489 and A490 in MDMX) from the C terminus of each monomer are buried as a consequence of dimer formation (Figure 2b ). Additional contacts that appear to stabilize the dimer involve residues (L430, A434 and I435 from MDM2) at the N terminus that are part of the irregular structure that extends across the dimer interface ( Figure 2 ). The arrangement of the MDM2/MDMX heterodimer is similar to that of the MDM2 homodimer, 13 although when superimposed, using just the MDM2 monomer of the heterodimer, the second monomer in the homodimer is offset (Supplementary Figure 3b) . Very few experimental constraints defined the NMR structure of the homodimer and this probably accounts for at least some of the difference. 13 Thus while residues flanking the RING domain are required for dimerization, the MDM dimer structures contrast with the structures of the CHIP, 21 BRCA1 22 and Ring1b dimers, 16, 23 which are predominantly stabilized by interaction of N-and/or C-terminal helices. The critical role for the flanking C-terminal residues agrees with studies that showed that mutation or deletion of the C-terminal residues disrupts dimer formation. 18, 19 E2 recruitment by MDM2. Since specific ubiquitylation of K442 in MDMX of the heterocomplex was observed (Figure 1e ), although a number of lysine residues are present in the MDM RING domain heterodimer ( Supplementary Figure 3c) , we sought to investigate the mechanism by which auto-ubiquitylation occurs. Because MDM2 RING alone can mediate ubiquitylation, 13 but MDMX RING cannot (Figure 1c and d) , we reasoned that the MDM2 RING domain contained a critical binding site for the E2 that was also present within the heterodimer. The putative E2-binding site on the MDM2 RING domain was predicted by comparison with the E2/E3 complex of UbcH7 and the c-Cbl RING domain. 24 When MDM2 RING is superimposed on the c-Cbl RING domain, there are no clashes with UbcH5b 25 that has been positioned by superposition on UbcH7 (Figure 3a) . To assess the role of the predicted interface residues we systematically mutated these to alanine. The interaction between UbcH5b and the RING domain complexes could not be detected by pull-down experiments because the affinity of the E2 for the MDM2 RING domain is low. Instead, the ability of the E2 to functionally interact with the RING domain mutants was determined by measuring the ability of the mutant GST-MDM2 RING homodimers to mediate auto-ubiquitylation ( Figure 3b) . As observed by others, hydrophobic contacts appear critical to recruitment of the E2 since mutation of I440, L468 and P476 abolished activity. Residues adjacent to the hydrophobic patch formed by I440, L468 and P476 are also important since mutation of R479 disrupted activity, while mutation of V439 and R471 reduced activity (Figure 3c ). Together the residues that disrupt activity define a surface on the face of MDM2 that is consistent with, but larger than the E2-binding site observed in other RING domains. 16, 24 Many of the surface exposed residues within MDM2 that are required for recruitment of the E2 are conserved in MDMX, although some of the surrounding residues differ (Figure 1b) . To determine if these differences render MDMX inactive we mutated residues in MDMX to the MDM2 equivalents (AGA470RNK, EK441QG, K486L or K435E), but none of these changes were able to engender E3 ligase activity to the MDMX RING domain (Supplementary Figure 4) . This suggests that no single change is pivotal, instead a number of small differences may contribute to the inactivity of MDMX, and changes distant from the site of E2 recruitment may be important. In addition the oligomeric status of MDMX is uncertain and if predominantly monomeric as suggested by Tanimura et al., 12 this may contribute to its inactivity.
All studies of ubiquitylation processes are confounded by our limited appreciation of the mechanistic details. However, Structure of the MDM2/MDMX RING domain heterodimer K Linke et al in MDM RING domains the C-terminal residues appear to directly contribute to E3 ligase activity because single point mutations of solvent exposed residues (e.g., Y489A), that do not disrupt dimer formation, nevertheless significantly diminished activity (Figure 3d, lane 3) . 19 In addition, the C-terminal residues of MDMX are functional because the E3 ligase activity of an inactive homodimeric MDM2 C-terminal mutant could be restored when mixed with wild-type MDMX (Figure 3d, lane 4) . However, when MDMX that contained mutation of an equivalent C-terminal residue (F488) was added to wt MDM2 RING, activity was abolished. 19 When mapped onto the structure of the heterodimer, F488 is positioned between the putative E2-binding site on MDM2 and K442 (MDMX) that we identified as the site of ubiquitylation on MDMX RING. To more carefully evaluate the role of V477 and V439, which lie at the edge of the E2 binding site in MDM2, we mutated both residues to glutamic acid. When assayed as homodimers both proteins were now inactive (Figure 3e ), emphasizing the extended nature of the surface required for functional interaction with the E2.
Together these studies suggest that an enlarged secondary surface that extends across the dimer interface, and depends on the C terminus of the subunit that does not provide the primary binding surface, is required for E3 ligase activity (Figure 4a ). While only MDM2 has a functional primary E2-binding site, the C-terminal residues (b3 and the residues that follow) of either MDM2 or MDMX can provide the secondary interface. Thus the symmetrical MDM2 homodimers have two primary and secondary interfaces and the E2 could be recruited by either monomer, leading to ubiquitylation of the other subunit. However, in the MDMX/MDM2 heterodimer the primary E2 interaction site is provided by MDM2 while the secondary interface depends on the C-terminal residues of MDMX, thus MDM2 is not ubiquitylated.
Discussion
Numerous studies have shown that loss of p53 function is tightly linked to cancer development and activation of p53 is associated with death of tumor cells. 1 While inactivation of p53, due to deletion or mutation of the p53 gene, accounts for B50% of tumors in humans, the rest express wild-type p53 and abnormalities in p53 regulation account for defective signaling. MDM2 is a key negative regulator of p53, and in human sarcomas accumulation of MDM2 leads to increased degradation of p53, preventing the activation of apoptotic pathways. Overexpression of MDMX has also been reported to have a similar effect and contribute to tumor formation. 26 Therefore, in tumors that retain wild-type p53, modulation of MDM activity is a potential target for therapeutic intervention. MDM proteins are modular in nature and the RING domain of MDM2 is essential, as well as sufficient, for E3 ligase activity and dimerization. The structure of the MDM2/MDMX RING domain heterodimer reveals a key role for the Cterminal residues from both RING domains in dimer formation ( Figure 2 ) and is in agreement with previous reports where deletion or mutation of a number of C-terminal residues (e.g., I485E in MDM2) was shown to disrupt both homo-and heterodimer formation. 19, 27 The structure of the MDM2/ MDMX RING domain heterodimer is similar to the MDM2 RING domain homodimer structure 13 indicating that a major rearrangement is not associated with heterodimer formation (Supplementary Figure 3) . The conserved conformation of the C-terminal residues in MDM2 and MDMX suggests that other C-terminal RING domains such as IAPs, 28 which have a similar C-terminal sequence, will have a similar structure.
Previous studies have shown that residues in the a-helix and the zinc chelating loops of RING domains are required for their interaction with E2's. 16, 24 Consistent with these studies, residues predicted to mediate E2 recruitment disrupt the activity of MDM2 (Figure 3 ). In addition to this primary interface, our mutagenesis experiments and those of others suggest that a larger surface, 19, 27 which extends across the dimer interface, and therefore depends on dimer formation, is also required for E3 activity (Figure 4a ). The role of the extended surface is uncertain but it may aid E2 recruitment or E2Bubiquitin movement.
In addition to mediating transfer of ubiquitin to substrate proteins, such as p53, MDM2 also ubiquitylates itself and MDMX. While the sites of ubiquitylation within full-length MDM proteins have not been reported, and there may be several, our studies show that K442 in the RING domain of MDMX is specifically ubiquitylated in the heterodimer (Figure 1e) . The MDM2 subunit of the heterodimer was not ubiquitylated, yet the MDM2 RING domain homodimer mediates auto-ubiquitylation of itself. 13 These results are consistent with a model that favors transfer of ubiquitin to the MDM subunit that does not interact with the E2 (Figure 4) . Thus, in the heterodimer, MDM2 is not ubiquitylated because MDMX does not have a primary E2-binding site. To enable ubiquitin transfer to K442 of MDMX, which is distant from the primary E2-binding site on MDM2, we propose that the E2Bubiquitin complex interacts with the extended surface that includes the heterodimer interface, restricting transfer of ubiquitin to specific nearby target residues (Figure 4a ). In the case of MDM2 RING homodimers it is expected that one of the lysines at positions 466, 467, 469 or 470, along the a-helix in MDM2, would be targeted for ubiquitylation. In support of this, acetylation of MDM2 by p300 regulates its E3 ligase activity and requires lysines 466, 467, 469 and 470. 29 However, Itahana et al.
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recently reported that the E3 ligase activity of MDM2 was not required for degradation of MDM2 as disruption of the RING domain did not result in stabilization of MDM2. Since this study used a RING domain mutant that would be misfolded and preclude dimer formation, it is also possible that the mutant MDM2 is destabilized in other ways. The proposed model, whereby the MDM subunit that does not initially interact with the E2 is preferentially ubiquitylated, predicts that when MDM2 exists as homodimers it will target itself for degradation (Figure 4b) . However, when it forms heterodimers, ubiquitylation of MDM2 would be diminished because MDMX does not recruit the E2, and MDMX itself would be preferentially ubiquitylated. Consistent with this prediction, MDM2 and MDMX preferentially form heterodimers, [12] [13] [14] 27 and when MDMX is present MDM2 is spared from degradation, whereas at low MDMX levels MDM2 ubiquitylates itself and is destabilized. 9, 31 Other modifications, such as phosphorylation of MDMX, modulate the extent to which ubiquitylation occurs. 8 Degradation of p53 by MDM2 requires the RING domain and C-terminal residues of MDM2. 19 Because C-terminal point mutants of MDM2 as well as C-terminally truncated forms cannot degrade p53, yet p53 degradation can occur if MDMX is added, a common mechanism is probably responsible for transfer of the E2Bubiquitin conjugate from MDM2 to either p53, or MDMX and MDM2. Interaction between p53, and MDM2 or MDMX, primarily depends on binding of the Nterminal transactivation domain of p53 with a deep cleft in the p53-binding domain at the N-terminus of the MDMs. 32 Thus not only would MDM2/MDMX heterodimer formation result in the stabilization of MDM2, but it is likely to increase ubiquitylation and degradation of p53. Some studies support this conclusion, 8, 14 while others present conflicting data and report stabilization of p53 by MDMX. 33 However, Gu et al. 9 showed that the effect of MDMX on p53 levels was dependent on the ratio of MDMX to MDM2, with ratios of MDMX/MDM2 less than 2 : 1 resulting in p53 degradation, while ratios greater than 2 : 1 resulted in stabilization of p53. This is consistent with our model since at high levels of MDMX monomers or homodimers will predominate (Figure 4b ). The oligomeric status of MDMX is uncertain but both forms of MDMX would be expected to bind p53 and sequester it away from the active MDM2 homo-or heterodimers. While a number of structures of fragments of MDM2 and p53 have been reported, the structure of neither protein in their entirety has been determined, and sequence analysis suggests that some regions are disordered. 34 However, in p53, only lysine residues at the C terminus of the protein are specifically targeted for ubiquitylation. 35 The E3 ligase activity of other RING domains (c-Cbl and Rbx1), and the specificity of target protein ubiquitylation, has been shown to depend on a structural scaffold that precisely positions the substrate. 36 It is therefore likely that when p53 is bound to MDM2, it is oriented so that the C terminus is precisely positioned relative to the MDM RING domains, so that transfer of ubiquitin to specific lysine residues can occur.
Disruption of MDM2 function is an attractive therapeutic target. Indeed, nutlin-3, a peptidomimetic that disrupts the p53-MDM2 interaction, activates p53 pathways both in vitro and in vivo in human cell lines that possess wild-type p53 and overexpress MDM2. 32 In a second approach, Vousden and colleagues established that it is possible to stabilize p53 by directly inhibiting the E3-ligase activity of MDM2. 37 While the mechanism of action of the compounds was not determined, and some cross reactivity with other E3's was observed, these studies indicate that if molecules can be developed that are specific for MDMs, they should be effective. Our studies suggest that it might be possible to obtain MDM-specific E3 ligase inhibitors by targeting the MDM2/MDMX RING domain dimer interface rather than the primary E2 binding site that is common to many RING domain E3-ubiquitin ligases.
Materials and Methods
Plasmids and mutagenesis. Human MDM2 (Accession number: Q00987) residues 432-491 (MDM2s) and residues 417-491 (MDM2l), and MDMX (Accession number: O15151) residues 421-490 were cloned into pGEX-6p3 and expressed as GST fusion proteins in Escherichia coli. Purified proteins have seven additional N-terminal residues, GPLGSGT, as a result of cloning. The QuikChange site-directed mutagenesis kit (Stratagene) was used to generate mutants. UbcH5b and ubiquitin were expressed as a His tag fusion protein from pET21d and pQE80L, respectively.
Expression and purification of proteins. All RING domain constructs were expressed in E. coli BL21(DE3) at 181C overnight using LB media. To prepare heterodimers a GST-MDM2 RING cell pellet was sonicated in lysis buffer (50 mM Tris, 500 mM NaCl, 2 mM DTT, pH 8.5) and the soluble protein was bound to glutathione sepharose. Resin bound GST-MDM2 was then mixed with the GST-MDMX soluble fraction that had been lysed in the same buffer. Samples were then washed and cleaved from GST using GST fused 3C protease. The soluble fraction was purified using a Sephadex 75 column (Amersham) in 50 mM Tris, 500 mM NaCl, pH 8.5 (Supplementary Figure S1) . MDMX RING was prepared in a similar manner. Ubc5Hb was expressed in E. coli at 371C and purified from clarified lysate by IMAC using Ni-NTA.
Crystallization. Crystals of the MDM2s/MDMX RING domain heterodimer were grown at 181C by the vapor diffusion method. Sitting drops (200 nl) were set up using the Mosquito robot (TTP LabTech Ltd.) and contained a 3 : 1 ratio of protein (3-5 mg/ml in 50 mM Tris, 500 mM NaCl, pH 8.5) and crystallization buffer (1.8 M NH 4 (SO 4 ) 2 , 0.5 M NaCl, 0.1 M Na Citrate, pH 6.5). Crystals formed in 1-2 days in the space group P2 1 with cell dimensions of a ¼ 54. 15 Structure solution and refinement. Diffraction data from crystals of MDM2s/MDMX were collected at beamline BL9-2 at the SSRL and processed with MOSFLM and SCALA from the CCP4 package. 38 Processing statistics are shown in Table 1 . The structure was solved using the MAD method around the K-edge of zinc anomalous absorption, using the autoSHARP software interface. 39 The positions of eight zinc atoms were clearly located using SHELXD, corresponding to two zinc atoms per monomer and two heterodimers in the asymmetric unit. Electron density maps following density modification in SOLOMON were clearly interpretable and an initial model was built by Arp/Warp. 40 This model was used as a starting point for refinement in REFMAC5, followed by iterative cycles of manual rebuilding in COOT and further refinement. Final refinement statistics are displayed in Table 1 . 41 Diffraction data from the MDM2l/MDMX RING domain heterodimer crystals were collected using Cu-Ka radiation, and the structure was solved by molecular replacement using Phaser and the MDM2s/MDMX RING domain complex as a search model. E3 ubiquitin ligase assays. Ubiquitylation reactions contained 1.8 mM UbcH5b and either 127 nM (soluble MDM) or 42 nM (resin-bound MDM) of E1 (Sigma) for assays. Reactions containing 12 mM soluble protein or 5 mM GST-fusion proteins were incubated for 90 min at 371C in 20 mL of 20 mM Tris, pH 7.5, 50 mM NaCl, 60 mM ubiquitin (Sigma) or His-tagged ubiquitin, 5 mM ATP, 2 mM MgCl 2 and 2 mM DTT. Except where indicated, 2 Â SDS-PAGE sample buffer was then added to the reactions and samples were resolved by 16% or 12% SDS-PAGE and transferred onto nitrocellulose membrane (BioRad) blots for analysis using a-GST, a-ubiquitin (Santa Cruz) or a-His antibodies (Amersham).
To identify the site of ubiquitylation in the MDMX RING domain, reactions contained 70 mM of soluble heterodimer. Proteins were resolved by 16% SDS-PAGE and bands were cut out for in-gel tryptic digest. Mass spectrometry analyses were used to identify fragments with a ubiquitin specific weight adduct that was only present in ubiquitylated samples. Ubiquitylation of lysine 442 in MDMX was verified by MS/MS analysis.
